Sodium glucose cotransporter type 2 (SGLT2) inhibitors are a new class of drug developed to treat type 2 diabetes mellitus (T2DM). They target the kidney by reducing renal glucose reabsorption and promoting urinary glucose excretion, which reduces hyperglycemia in individuals with T2DM. The SGLT2 inhibitor empagliflozin has gained approval in the EU and in the USA for the treatment of adults with T2DM (there is no current indication in type 1 diabetes). Empagliflozin has shown a good efficacy and safety profile from clinical trials when given as monotherapy, and as an add-on therapy to other glucose-lowering agents. This short commentary reviews the key efficacy and safety data from empagliflozin phase III trials and examines the potential role this agent may have in the management of T2DM.
Introduction
Recognition of the kidney's role in glucose homeostasis has provided a new target in the treatment of type 2 diabetes mellitus (T2DM). Sodium glucose cotransporter type 2 (SGLT2) inhibitors reduce renal glucose reabsorption and promote urinary glucose excretion (UGE), thus reducing elevated blood glucose concentrations in individuals with T2DM. The SGLT2 inhibitors dapagliflozin and canagliflozin are approved for marketing in the European Union (EU) and in the USA and, as mentioned above, a third agent, empagliflozin, the focus of this review, has marketing approval in the EU and in the USA.
Mechanism of action of SGLT2 inhibitors
Renal glucose reabsorption At a normal plasma glucose concentration, the kidneys of a healthy individual filter approximately 180 g glucose per day. Almost all of this is reabsorbed and returned to the bloodstream, and virtually no glucose (i.e. < 0.1%) enters the urine. If the plasma glucose concentration is elevated beyond the maximum capacity at which the kidney can reabsorb glucose, the excess glucose is excreted into the urine. With normal renal function, approximately 90% of the filtered glucose load in the kidney is reabsorbed via active transport mediated by the membrane-bound protein SGLT2 [Wright et al. 2011] . This occurs past the glomerulus, in the first section of the proximal renal tubule at the brush-border of the cells. The remaining 10% of the filtered glucose is reabsorbed further along the proximal tubule via the action of SGLT type 1 (SGLT1). Reabsorbed glucose is passively released from the proximal tubular cells at the basolateral membrane, facilitated by the protein glucose transporter type 2, and returned to the bloodstream. It is important to note that the action of SGLT2 and SGLT1 is independent of insulin.
Inhibition of SGLT2
The rationale for SGLT2 inhibition as a potential glucose-lowering therapy in T2DM is that it significantly reduces renal glucose reabsorption and causes glucose to be excreted into the urine (i.e. glucosuria); consequently, glucose is removed from the body and the level of hyperglycemia is decreased (Figure 1 ) [Abdul-Ghani and DeFronzo, 2008] . Individuals suffering from familial renal glucosuria, a rare genetic disorder caused by mutations of the SGLT2 gene, experience varying degrees of UGE in the order of less than 10 g/day to more than 200 g/day [Santer and Calado, 2010] . Despite this, affected individuals are usually otherwise asymptomatic [Santer and Calado, 2010] , which implies that pharmacologic inhibition of SGLT2 may not be harmful. Initial research on SGLT2 inhibition was carried out using phlorizin, a naturally occurring and nonselective SGLT2 inhibitor [Ehrenkranz et al. 2005 ]. However, the poor oral bioavailability and gastrointestinal side effects associated with phlorizin required the use of modified phlorizin derivatives, and led to the development of the currently marketed SGLT2 inhibitors.
Review of empagliflozin clinical trials data
Empagliflozin is a potent inhibitor of SGLT2 and has a selectivity for SGLT2 versus SGLT1 greater than 2500 fold [Grempler et al. 2012] .
Empagliflozin is being investigated in adults with T2DM in a phase III clinical trial program that has enrolled more than 14,500 patients, and consists of more than 10 multinational clinical trials [Boehringer Ingelheim GmbH, 2013] . A summary of efficacy data from recently published empagliflozin registration (phase III) trials is presented in Table 1 , with details of further empagliflozin phase III trials given in Table 2 .
Effect on glycemic control
Empagliflozin, given either as monotherapy or as an add-on therapy to other glucose-lowering agents, has been shown to provide statistically Figure 1. Normal renal glucose transport (a) and the effect of sodium glucose cotransporter type 2 (SGLT2) inhibition (b). SGLT1, sodium glucose cotransporter type 1. significant and clinically relevant improvements in glycemic control in patients with T2DM versus placebo [Häring et al. 2013 [Häring et al. , 2014 Kovacs et al. 2013; Roden et al. 2013; Barnett et al. 2014; Tikkanen et al. 2015] , as measured by the change in the level of glycated hemoglobin (HbA 1c ) ( Table  1) . For example, empagliflozin monotherapy (given once daily for 24 weeks) produced a placebo-adjusted mean change from baseline in HbA 1c of −0.7% [95% confidence interval (CI) −0.9, −0.6) and −0.9% (95% CI −1.0, −0.7) for the 10 mg and 25 mg doses, respectively (p < 0.0001 for each) [Roden et al. 2013 ]. Furthermore, 35-44% of patients receiving empagliflozin achieved HbA 1c levels below 7.0% versus 12% of those in the placebo group [Roden et al. 2013 ]. Similar changes from baseline in HbA 1c levels at week 24 were reported when empagliflozin was given in combination with metformin [adjusted mean difference from placebo + metformin (95% CI) −0.6 (−0.7, −0.4) and −0.6 (−0.8, −0.5) for 10 mg and 25 mg, respectively; p < 0.001 for each] [Häring et al. 2014] , metformin plus sulfonylurea [adjusted mean difference from placebo + metformin + sulfonylurea (95% CI) −0.6 (−0.8, −0.5) and −0.6 (−0.7, −0.5) for 10 mg and 25 mg, respectively; p < 0.001 for each] [Häring et al. 2013] , and pioglitazone with/without metformin [adjusted mean difference from placebo + pioglitazone (95% CI) −0.5 (−0.7, −0.3) and −0.6 (−0.8, −0.4) for 10 mg and 25 mg, respectively; p < 0.001 for each] [Kohan 
Effect on body weight and blood pressure
In addition to reducing HbA 1c , empagliflozin therapy also produced modest reductions in body weight and blood pressure [Häring et al. 2013 [Häring et al. , 2014 Kovacs et al. 2013; Roden et al. 2013; Barnett et al. 2014; Tikkanen et al. 2015] . For example, empagliflozin given as monotherapy (10 mg [Chao, 2012; Zhang et al. 2014] . Data from longer-term trials of dapagliflozin and canagliflozin revealed the body weight reduction observed with SGLT2 inhibitor therapy was due to reduced body fat mass caused caloric loss following UGE rather than simply due to fluid loss [Cefalu et al. 2013; Bolinder et al. 2014 ]. An ongoing 4-year trial of empagliflozin treatment in T2DM (EMPA-REG H2H-SU) is investigating various parameters, including changes from baseline in body fat mass [Ridderstråle et al. 2013 ].
Effect on β-cell function and insulin sensitivity
Empagliflozin therapy also improved pancreatic β-cell function and insulin sensitivity in patients with T2DM, when 25 mg was given as a single dose or given once daily for 4 weeks ]. Increased insulin sensitivity was also reported in patients with T2DM treated with dapagliflozin (10 mg given once daily for 2 weeks) [Merovci et al. 2014 ]. In each of these studies endogenous glucose production increased and fasting plasma glucose decreased, which may be at least partially explained by the concentration change in the insulin-to-glucagon ratio that has been observed with SGLT2 inhibitor therapy Merovci et al. 2014] . Canagliflozin also improved β-cell function in patients with T2DM, per model-based measures [Polidori et al. 2014] .
Safety: urinary tract and genital infections
In phase II-III clinical trials, SGLT2 inhibitors have been shown to be generally well tolerated, with a low incidence of hypoglycemia [Jabbour, 2014; Scheen, 2014] . Empagliflozin was well tolerated when given as monotherapy and in all combination therapies used to date, and few serious adverse events were reported. A pooled analysis of data from four phase III trials of empagliflozin reported an increase in genital infection (3.6-4.2%) versus placebo (0.7%), but no significant increase in the incidence of urinary tract infection (7.5-9.3% for empagliflozin groups versus 8.2% for placebo) . A similar trend was reported in pooled analyses of phase III trials data for canagliflozin [Nicolle et al. 2014; Nyirjesy et al. 2014] and dapagliflozin [Johnsson et al. 2013a [Johnsson et al. , 2013b . For all three SGLT2 inhibitors, these events were predominantly mild in severity and responded to standard treatment [Johnsson et al. 2013a [Johnsson et al. , 2013b Kim et al. 2013; Nicolle et al. 2014; Nyirjesy et al. 2014 ]. Furthermore, while these events could be attributed to higher urinary glucose concentrations, the exact role of glucosuria as a contributory factor in genitourinary infection and urinary tract infection remains unresolved [Geerlings et al. 2014] .
Safety: hypoglycemia
Hypoglycemia is an important concern to patients with T2DM [Barendse et al. 2012] , and severe episodes may carry significant health risks [Seaquist et al. 2013] . SGLT2 inhibitor therapy would not be expected to lead to an increased risk of hypoglycemia due to the insulin-independent mode of action of these agents (i.e. they do not affect endogenous glucose production in response to hypoglycemia [McCrimmon et al. 2002] , and do not stimulate insulin release when glucose levels decline [Rossetti et al. 1987; Han et al. 2008] ) and, based on the available published evidence, this was found to be the case [Rosenwasser et al. 2013; Vasilakou et al. 2013] . Further data indicate that SGLT2 inhibition results in a compensatory increase in endogenous glucose production, with an accompanying elevation in glucagon levels Merovci et al. 2014] , which would also prevent hypoglycemia. However, the choice of concomitant glucose-lowering agent used when an SGLT2 inhibitor is given as add-on combination therapy does appear to affect the frequency of hypoglycemia [Rosenwasser et al. 2013; Vasilakou et al. 2013] . In clinical trials, empagliflozin did not increase the risk of hypoglycemia when used as monotherapy [Roden et al. 2013] or as add-on to metformin [Häring et al. 2014] or pioglitazone [Kovacs et al. 2013 ]. In addition, as add-on to basal insulin, empagliflozin did not increase the risk of hypoglycemia more than would be anticipated with basal insulin [Rosenstock et al. 2013 ]. However, similar to observations reported for dapagliflozin and canagliflozin, hypoglycemia was more frequent when empagliflozin was added to a regimen including a sulfonylurea [Häring et al. 2013] ; thus, the prescribing information for these agents recommends considering a lower dose of insulin secretagogue (e.g. sulfonylurea) or insulin to reduce the risk of hypoglycemia [European Medicines Agency, 2014a , 2014b , 2014d US Food and Drug Administration, 2014a , 2014b , 2014c . [Inzucchi et al. 2015] . Dose-related increases in low-density lipoprotein cholesterol (LDL-C) observed with canagliflozin have caused some concern [Rodríguez-Gutiérrez and Gonzalez-Saldivar, 2014], given that LDL-C is an independent predictor of cardiovascular risk. Consequently, monitoring of LDL-C is recommended after initiating canagliflozin treatment [US Food and Drug Administration, 2014b]. For dapagliflozin, overall small mean changes in LDL-C, increases in high-density lipoprotein cholesterol (HDL-C), and decreases in triglycerides were reported [Ptaszynska et al. 2013] . For empagliflozin, a pooled analysis reported small increases in HDL-C and LDL-C and small decreases in triglycerides ]. The labelling information of these three SGLT2 inhibitors warns that dose-dependent increases in LDL-C can occur, and recommends monitoring LDL-C levels [US Food and Drug Administration, 2014a , 2014b , 2014c .
Safety: volume depletion

Safety: malignancy risk
The risk of bladder cancer with SGLT2 inhibitors has been of interest since an imbalance in bladder cancer was observed in a pooled analysis of dapagliflozin clinical trials [US Food and Drug Administration, 2014a] . While the number of cases was too low to determine if this was due to an effect of dapagliflozin [10/6045 patients (0.17%) treated with dapagliflozin and 1/3512 patients (0.03%) treated with placebo/comparator], current US prescribing information advises dapagliflozin should not be used in patients with active bladder cancer, and should be used with caution in patients with a prior history of bladder cancer [US Food and Drug Administration, 2014a] . The European regulators note that, while there was a slight increased relative risk of tumors in some organ systems (including bladder), there was a decreased risk in other systems, resulting in no overall increased risk with dapagliflozin, and that a causal relationship between dapagliflozin and risk of bladder cancer is unlikely [European Medicines Agency, 2014a]. Nevertheless, they too have adopted a cautious approach, and advised against using dapagliflozin in patients concomitantly treated with pioglitazone (since epidemiologic data suggest a small increased risk of bladder cancer in patients with diabetes treated with pioglitazone). For empagliflozin and canagliflozin, analyses have not identified an increased risk [US Food and Drug Administration, 2013; European Medicines Agency, 2014c , 2014d , which seems to further support that there is no class risk and the cases seen with dapagliflozin were due to chance; however, it will be important to collect further data to confirm this.
Safety: bone fractures and changes in bone mineral density
Bone fractures were more common in patients receiving dapagliflozin (7.7%) than those receiving placebo (0%) in a long-term study carried out in patients with T2DM and moderate renal impairment [Kohan et al. 2014] ; however, there was no evidence that dapagliflozin induced bone demineralization or increased fracture rates in individuals with normal renal function or mild renal impairment [European Medicines Agency, 2012] . The US regulatory authority concluded that clinical trials of canagliflozin demonstrated a modest dose-dependent increase in bone resorption, which could contribute to bone fragility [US Food and Drug Administration, 2013] . For empagliflozin, the overall number of patients with bone fractures was low and bone fracture was no more common with empagliflozin than with placebo [European Medicines Agency, 2014e]. Furthermore, no loss in bone mineral density was observed after up to 2 years of empagliflozin treatment [European Medicines Agency, 2014e].
Safety: serum electrolytes
Increased serum potassium (hyperkalemia) can occur during canagliflozin therapy, and is listed as a warning/precaution in the canagliflozin labelling information [US Food and Drug Administration, 2014b] . This is more likely to occur in patients with moderate renal impairment who are taking medications that interfere with potassium excretion, such as potassiumsparing diuretics, or medications that interfere with the renin-angiotensin-aldosterone system. As digoxin toxicity also causes hyperkalemia, digoxin levels should be monitored in patients receiving concomitant canagliflozin [US Food and Drug Administration, 2014b] . No significant changes in mean serum potassium occurred in trials using empagliflozin [Barnett et al. 2014 ], or dapagliflozin [Kohan et al. 2014] .
Dose-related increases in serum magnesium were also observed with canagliflozin therapy [US Food and Drug Administration, 2014b] . In a pool of four placebo-controlled trials, the mean change in serum magnesium was +8.1% and +9.3% with canagliflozin 100 mg and 300 mg, respectively versus −0.6% with placebo [US Food and Drug Administration, 2014b] . In a phase III trial of canagliflozin in patients with T2DM and stage 3 chronic kidney disease (CKD) [estimated glomerular filtration rate (eGFR) ⩾ 30 and < 50 ml/ min/1.73 m 2 ], serum magnesium increased by 9.1% and 14.6% for canagliflozin 100 mg and 30 mg, respectively versus no change (0%) for placebo [Yale et al. 2013] . For dapagliflozin, mean serum magnesium values remained within the normal range in patients with T2DM and moderate renal impairment (eGFR ⩾ 30 to < 60 ml/min/1.73 m 2 ) [European Medicines Agency, 2012]. Data from a trial using empagliflozin reported a small increase in mean magnesium (+0.1 mmol/liter from baseline) with empagliflozin 25 mg versus no change with empagliflozin 10 mg or placebo in patients with stage 2 or 3 CKD (eGFR ⩾ 60 to < 90 ml/ min/1.73 m 2 or ⩾ 30 to < 60 ml/min/1.73 m 2 , respectively) [Barnett et al. 2014] .
Potential clinical impact of empagliflozin
How will this agent be used? Empagliflozin could be used as monotherapy or in combination with other agents. Metformin is recommended as the first-line drug for patients starting glucose-lowering therapy, but empagliflozin monotherapy might be suitable for patients who are unable to tolerate metformin, or for those in whom metformin is contraindicated. The convenience of oral, once-daily dosing with empagliflozin may have a potentially positive impact on overall compliance and treatment adherence. The novel mode of action of SGLT2 inhibitors suggests that these agents can be given in combination with any of the existing glucose-lowering agents, including insulin, as they do not share a common mechanistic pathway. As shown in the clinical trials data, empagliflozin has been used safely and effectively to improve glycemic control when given in combination with metformin, sulfonylureas, thiazolidinediones, and insulin. In addition, empagliflozin fixed-dose combination (i.e. single pill) products are in development. For example, a single-pill product containing empagliflozin plus linagliptin has undergone phase III clinical trials and a marketing application has been submitted (Table 2) , and single-pill empagliflozin plus metformin formulations are also in clinical development. The results of a 52-week phase III trial [ClinicalTrials.gov identifier: NCT01422876] to investigate the efficacy and safety of fixed-dose combinations of empagliflozin 25 mg/linagliptin 5 mg and empagliflozin 10 mg/linagliptin 5 mg in patients with T2DM were published recently. In treatment-naïve patients (n = 677), reductions from baseline in HbA 1c with the empagliflozin 25 mg/linagliptin 5 mg combination were significantly greater versus linagliptin 5 mg but not versus empagliflozin 25 mg. The empagliflozin 10 mg/linagliptin 5 mg combination, however, produced significantly greater reductions from baseline in HbA 1c versus both individual components [Lewin et al. 2015] . In patients whose condition is inadequately controlled on metformin (n = 686), combinations of empagliflozin/linagliptin significantly reduced HbA 1c compared with empagliflozin or linagliptin alone as an add-on to metformin. The proportion of adverse events was similar across all groups [DeFronzo et al. 2015] . Based on the data from these two studies, US approval has been granted for a fixed-dose combination of empagliflozin and linagliptin as an adjunct to diet and exercise to improve glycemic control in adults with T2DM when treatment with both empagliflozin and linagliptin is appropriate [US Food and Drug Administration, 2015] . SGLT2 inhibitors also have the potential to be used as an insulin-sparing agent in patients with T2DM already receiving insulin, providing an alternative to increasing the insulin dose or frequency. This was observed in a 78-week study using empagliflozin as an add-on to basal insulin, when insulin dose fell by approximately 6 IU from baseline compared with placebo [Rosenstock et al. 2013 ]. This study also reported improved glycemic control and reduced body weight, without an increased risk of hypoglycemia [Rosenstock et al. 2013] .
Which patients with T2DM are candidates for empagliflozin?
As the mode of action of SGLT2 inhibitors, including empagliflozin, is independent of pancreatic β-cell function or the degree of insulin resistance, these agents have the potential to be used at any stage of T2DM. Thus, SGLT2 inhibitors such as empagliflozin may have the potential to show efficacy as the disease process of T2DM advances and β-cell function declines. This is in contrast to other types of antidiabetes agents that are dependent upon β-cell function and show a decline in glucose-lowering potential over time (e.g. sulfonylureas) [DeFronzo et al. 2013 ].
Furthermore, SGLT2 inhibitors have demonstrated particular efficacy in improving glycemic control in patients with high HbA 1c [⩾10% (86 mmol/mol)] at baseline, as shown in phase III trials of monotherapy with dapagliflozin [Ferrannini et al. 2010] , canagliflozin [Stenlöf et al. 2013] , and empagliflozin [Roden et al. 2013] , in which HbA 1c reductions of 2.1-3.7% were reported. SGLT2 inhibitors, including empagliflozin, are also potentially of value to patients with T2DM in whom reductions in weight and blood pressure are required; thus, reducing these cardiovascular risk factors. Moreover, as described above, SGLT2 inhibitor therapy has the added benefit of not increasing the risk of hypoglycemia, unless these agents are used in combination with insulin or an insulin secretagogue. SGLT2 inhibitors also have a prospective use in type 1 diabetes mellitus, and preliminary data with empagliflozin were published recently [Cherney et al. 2014; Lamos et al. 2014; Perkins et al. 2014] .
Are there any special populations who should avoid using empagliflozin? In patients with renal impairment, a reduction in efficacy of SGLT2 inhibitors is anticipated, based on the need for adequate renal function for their mode of action. A phase III trial using empagliflozin showed significant reductions in HbA 1c in patients with T2DM with mild or moderate CKD (stage 2, eGFR ⩾ 60 to < 90 ml/min per 1.73 m²; stage 3, eGFR ⩾ 30 to < 60 ml/min per 1.73 m²), accompanied by weight loss and reductions in blood pressure (Table 1) [Barnett et al. 2014] . Similar efficacy results were reported in a phase III trial of canagliflozin in patients with T2DM with stage 3 CKD (eGFR ⩾ 30 and < 50 ml/min/ 1.73 m 2 ) [Yale et al. 2013 ]. However, a study of dapagliflozin in patients with T2DM with moderate renal impairment (stage 3, eGFR ⩾ 30 to < 60 ml/min per 1.73 m²) showed no significant improvement in HbA 1c versus placebo, although reductions in weight and blood pressure were observed [Kohan et al. 2014] . Consequently, the labeling documents for dapagliflozin, canagliflozin, and empagliflozin give warnings and precautions for their use in patients with moderate to severe renal impairment [European Medicines Agency, 2014d; US Food and Drug Administration, 2014a, 2014b] .
Regarding the use of SGLT2 inhibitors in patients with T2DM with hepatic impairment, pharmacokinetic parameters for empagliflozin were elevated in patients with hepatic impairment, but were less than twofold the values in patients with normal hepatic function, and no dose adjustment was deemed necessary [Macha et al. 2014 ]. In patients with severe hepatic impairment, therapeutic experience with empagliflozin is limited, and the drug is not currently recommended for those with severe hepatic impairment [European Medicines Agency, 2014d]. Nonetheless, it may be prudent to monitor liver function in patients receiving SGLT2 inhibitors.
The treatment of older patients with T2DM is generally challenging because of the increased prevalence of comorbid conditions, and an increased susceptibility to treatment-related hypoglycemia. For SGLT2 inhibitor therapy in older patients, volume status should be assessed and monitored, and any hypovolemia should be corrected before initiating therapy [US Food and Drug Administration, 2014a] . As stated in the dapagliflozin prescribing information, older patients with impaired renal function may be more susceptible to increased serum creatinine and decreased estimated glomerular filtration rate during dapagliflozin therapy [US Food and Drug Administration, 2014a] . For canagliflozin, a recent pooled analysis of data from older patients showed early transient decreases in eGFR during the first 3-6 weeks of canagliflozin treatment, which then stabilized or lessened at the 26-week endpoint [Sinclair et al. 2014 A complete list of warnings and precautions for SGLT2 inhibitor therapy is given in the respective prescribing information for dapagliflozin, canagliflozin, and empagliflozin [European Medicines Agency, 2014d; US Food and Drug Administration, 2014a, 2014b] .
Summary
Via the inhibition of SGLT2, empagliflozin reduces renal glucose reabsorption, promotes UGE, and lowers hyperglycemia in patients with T2DM. In clinical trials of empagliflozin used as monotherapy and as add-on combination therapy with other antidiabetes agents, empagliflozin decreased HbA 1c and was associated with reductions in body weight and systolic blood pressure. Apart from the adverse effects anticipated from the presence of increased urinary glucose, as is observed with all SGLT2 inhibitors (i.e. genital infection, and to a lesser degree, urinary infection), empagliflozin is well tolerated and has a favorable safety profile that is comparable to that of placebo. In conclusion, empagliflozin has the potential to make an important contribution to the treatment of T2DM. achieving glucose control in type 2 diabetes mellitus. Endocr Pract 14: 782-790. Babu, A. (2013) Canagliflozin for the treatment of type 2 diabetes. Drugs Today (Barc) 49: 363-376. Barendse, S., Singh, H., Frier, B. and Speight, J. (2012) The impact of hypoglycaemia on quality of life and related patient-reported outcomes in type 2 diabetes: a narrative review. Diab Med 29: 293-302.
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